With the technical assistance of Naomi it. Anderson and Andre Teri I N SPITE OF some obvious advantages over methods which necessitate the withdrawal of arterial blood, the ear oximeter has only occasionally been used for recording quantitative dye curves. 1 " 5 This has occurred both because the calibration of such curves was difficult and because serious doubts have been expressed as to the reliability of the transilluminated ear as a recording site of instantaneous arterial dye concentration. This paper describes a comparison of quantitative dye dilution curves recorded by an ear oximetric method with curves simultaneously recorded by a conventional cuvette oximeter and withdrawal of arterial blood.
Methods
As shown in table 1, 10 subjects (7 normal volunteers and 3 patients) were studied. Dye dilution curves were performed at rest and under varying exercise loads up to 500 Kg.-M. per minute on a bicycle ergometer. One subject (no. 3) received nitroglycerin sublingually and another (no. 6) atropine sulfate intravenously (table 1); no cyanotie patients were included. Room air was breathed throughout, and all, except subject no. 4 who was sitting, were in the supine posture.
The dye, Coomassie blue,* was employed in dosages from 0.4 to 0.8 mg./Kg. and no untoward reactions were observed. Its characteristics, par-tieular suitability for this purpose, and the technique of its extraction from whole blood are described in the papers of Taylor and Thorp 0 and Taylor and Shillingford. 4 Injections were made in the anteeubital vein and were immediately flushed in with approximately 12 ml. of nonnal saline. In some instances, when absence of a recirculation curve showed that the injected dose was entering the main blood stream too slowly, subsequent injections were preceded by four minutes arterial occlusion of the forearm concerned. This was released two to four seconds before making the injection. The vasodilatation produced by this maneuver resulted in good curves even during exercise. It was not necessary in resting subjects. Following each injection, dye dilution curves were recorded simultaneously with an ear oximeter and with a cuvette oximeter through which blood was withdrawn from the brachial artery.
The ear oximeter employed was a modified version of one previously described 7 and differs from a computer oximeter which has been used for the same purpose. 8 ' 9 Its mode of operation is described in detail elsewhere. 10 Its response was linear in the range of 0 to 50 mg. of Coomassie blue dye per L. of plasma, and when a filter of comparable density was suddenly placed in the light path, the instrument responded to 90 per cent of full scale in 0.45 seconds. 10 The use of this instrument differs from others in one important particular. After the earpiece is fixed to the fully vasodilated ear,* the output of the "red" and "infrared" filtered photocells is measured separately, this data being necessarv for the calculation of a calibration factor. When the output of the two photocells is then "bucked out" and the dye injection performed, it is possible to predict the relationship between recorder deflection and dye concentration. 10 Thus, withdrawal of blood for calibration purposes is unnecessary.
The cuvette oximeter employed was one used previously for the routine estimation of blood •Achieved by prior application of Trafuril, kindly supplied by Ciba Ltd., Montreal, Canada. oxygen concentration. 11 Its volume, including the connecting tubing and arterial needle, was 0.75 ml., and blood was withdrawn through it at a rate of 24.7 ml. per minute. It was calibrated by the passage of known concentrations of blue dye made up in the patient's arterial blood immediately before inscription of the dye curve and gave a linear response to increasing concentrations of Coomassie blue dye up to values of approximately 100 nig. per L. of plasma. Under these conditions, the 90 per cent response time to a "square wave" of whole blood containing 15 mg. per L. Coomassie blue was 2.1 seconds. As judged by the technique of suddenly interposing a filter of approximately comparable density in the light path, the time for response to 90 per cent of full scale was 0.65 seconds.
The dye curves from both instruments were replotted on semilogarithmie paper with extrapolation of the exponential decay in the usual manner. It was arbitrarily decided that the exponential downslope was too uncertain unless a minimum of five one-second readings of dye concentration lay in an absolutely straight line on the semilogarithmie plot, and curves not conforming to this minimal requirement were rejected. The time components of the curves were measured and compared using the nomenclature described by Wood and Swan, 12 and a comparison was then made of the cardiac output values computed from both curves.
Results
Thirty-one comparisons were made of the time relationships of the curves recorded by the ear oximeter and the whole blood cuvette (table 2). Though appearance time (T A ) was on the average 0.45 seconds shorter in the ear curves, the duration of build-up time (T B ), disappearance time (T D ), and passage time (T P ) was greater. The time from peak concentration to the onset of the exponential downslope (T K to T PC ) and the duration of the exponential (TEX) were, however, comparable in the two curves. The latter was denned as the number of points at one-second intervals which fell on a straight line when the exponential downslope was plotted on semilogarithmic paper.
Thirty-one comparisons were made of cardiac output values calculated from the simultaneously described ear oximeter and whole blood cuvette curves standardized for body surface area (table 1, 
Discussion
Detailed comparisons of the time components of dye curves described by ear oximeters and cuvette densitometers have previously been made. In general, close similarity has been reported. 2 ' 3 -l s Wood et al., however, maintained that "dilution curves recorded by means of an ear oximeter are not infrequently badly damped versions of curves recorded simultaneously directly from arterial blood by means of cuvette oximeter," and they concluded that "because of this a high degree of reliance cannot be placed on dilution curves recorded by ear oximetry." 14 This matter is of such importance that it requires further consideration. *y = 0.969x -J-0.148, where y = value derived from ear oximeter curve. The earpiece and cuvette employed in our study each had a comparable frequency response. What then could have caused the very definite differences observed in time components in some of the comparisons? In theory there are two forms of distortion capable of affecting the curve described by the ear oximeter which would not influence that described by the cuvette instrument: inhomogeneity of flow in the capillary bed of the ear. aud intravaseular dispersion of dye particles in the blood vessels leading from the aortic arch to the ear.
Marked differences in the flow rate between different ear capillaries in the light path would cause the resulting dilution curve to become rounded at the peak and would reduce the duration of the plotted exponential downslope. In 29 of 31 comparisons, however, the rounding, as defined by the time of the peak concentration to the commencement of the exponential downslope (T K to T PC ), did not differ by more than one second, while the duration of exponential slope was different by more than two seconds in three instances only. Thus it seems likely that, in general, the perfusion of the capillary bed of the ear is sufficiently homogeneous for the purpose of recording a dye curve. The frequent differences in time components and peak concentration values seen on comparison of curves derived from the two sites were therefore likely to be due to another mechanism.
The dispersion of particles which may take place between the aortic arch and the ear or the brachial cuvette is influenced primarily by the flow rate and the volume of the vascular channels and conducting tubing between the arch and these two sites. "When net or effective volume to flow ratios are the same in the vascular channels leading to ear and whole blood cuvette, the resultant dye dilution curves should be identical in their time components and peak concentration. When the flow is sluggish or the volume increased in the channels leading to one recording site, the dispersion of particles will be greater at that site, resulting in apparent "smudging" or "damping" of the curve. This effect was sometimes more marked in the cuvette curves, but usually more so in those recorded from the ear. What is important, however, is that this form of distortion should not in any way influence the area under the curve until such time as the primary curve becomes so prolonged as to be superimposed on the curve of recirculation. It thus seems likely that the so-called '' distortion'' observed in some of the ear curves does not invalidate their use for Circulation Research, Volume IX. September 1961 the measurement of cardiac output, provided a clear exponential downslope and reeirculation curve are apparent. It does, of course, render such curves useless for the calculation of values such as "central blood volume."
The final validity of the ear as a sample site, however, is best tested by comparison of cardiac output values computed from the simultaneous ear oximeter and cuvette curves and, as can be seen from the accompanying tables, the agreement is reasonably good. Furthermore, when "error" in cardiac output measurement, as assessed by the difference between cuvette and ear values, was plotted against "distortion," as assessed by differences in passage time, no relationship could be seen between them.
Most workers who have used the ear oximeter for the purpose of recording cardiac output have calibrated the curves by what has been called the venous end-tail method, that is to say, a single sample of venous blood has been withdrawn three to five minutes after time of injection and used for calibration purposes. Although it is possible to obtain reasonable answers and a fair correlation with simultaneous Fick outputs, 4 this method leaves much to be desired. The procedure is not only time consuming, but the validity of the calibration depends on the absolute stability of the vascular bed of the ear, the arterial oxygen content and the instrumentation during the critical three to five minutes between injections and sample. Absence of such stability not infrequently invalidates the calibration of curves described by the ear oximeter, particularly when they are performed during exercise. A calibration technique which avoids the necessity of end-tail sampling thus has obvious advantages.
As*, stated elsewhere, 10 the validity of this method of calibration of the ear oximeter curve depends upon the assumption that the quantity of hemoglobin under the photocell adequately reflects the quantity of plasma. Although this assumption cannot theoretically be valid in the presence of anemia or polycythemia, the error introduced appears to be small over the range of hematocrits stud-ied. 39 " 47 There was no correlation between the individual hematocrit values, on the one hand, and the difference between values derived from the ear oximeter and cuvette, on the other. Furthermore, although there are theoretical grounds for anticipating that the error introduced by large amounts of pigment in the ear tissues would be small, 15 no Negro subjects were included in this series, and the method should not therefore be applied to Negro subjects without further trial. Within these limitations, however, it would seem that the ear oximeter method studied here may be used with reasonable accuracy for the quantitative measurement of cardiac output in man at rest and during exercise.
Summary
In 10 subjects, dye dilution curves were performed on 31 occasions by intravenous injection of Coomassie blue dye. The curves were recorded by a conventional whole blood cuvette technique using arterial blood withdrawn from the brachial artery, and by an ear oximetric technique. Comparison was made of the time components of the two curves and of the cardiac output values derived from them. The differences in time components were frequently considerable. It was concluded that the ear curves were thus unsuitable for estimation of indices such as the "central blood volume." By contrast there was no systematic difference between the cardiac output values computed by the two methods. The standard deviation of the differences between the two methods was 11.7 per cent of the average cardiac index observed. It was concluded that the ear oximetric technique employed offered a satisfactory method of studying the cardiac output in man.
